Introduction: Small vessel disease (SVD) is a common contributor to dementia. Subtle blood-brain barrier (BBB) leakage may be important in SVD-induced brain damage. Methods: We assessed imaging, clinical variables, and cognition in patients with mild (i.e., nondisabling) ischemic lacunar or cortical stroke. We analyzed BBB leakage, interstitial fluid, and white matter integrity using multimodal tissue-specific spatial analysis around white matter hyperintensities (WMH). We assessed predictors of 1 year cognition, recurrent stroke, and dependency. Results: In 201 patients, median age 67 (range 34-97), BBB leakage, and interstitial fluid were higher in WMH than normal-appearing white matter; leakage in normal-appearing white matter increased with proximity to WMH (P , .0001), with WMH severity (P 5 .033), age (P 5 .03), and hypertension (P , .0001). BBB leakage in WMH predicted declining cognition at 1 year. Discussion: BBB leakage increases in normal-appearing white matter with WMH and predicts worsening cognition. Interventions to reduce BBB leakage may prevent SVD-associated dementia.
Background
Worldwide, 36 million people are estimated to be living with dementia [1] . Cerebral small vessel disease (SVD) causes about 40% of these dementias, alone or in mixed pathologies [2] . SVD also causes a fifth of the 15 million strokes that occur per year worldwide [1] . These threemillion SVD (or lacunar) strokes are not severe; so, most lacunar stroke patients survive physically independent, but 36% have mild cognitive impairment or dementia [3] . The frequent cognitive impairment may reflect the association of lacunar stroke with other SVD features [4] . These features (white matter hyperintensities [WMH], lacunes, and microbleeds) are typically regarded as clinically "silent" but substantially increase the risk of dementia and stroke individually [5] [6] [7] and combined predict cognitive impairment [8] .
Alzheimer's disease (AD) and stroke are typically managed and researched separately, but there is substantial evidence of overlap in pathogenesis, for example, dementia expression in life closely reflects the burden of microvascular disease more than of typical AD pathology (b-amyloid plaques and neurofibrillary tangles) at postmortem [9] [10] [11] . WMH are common in AD [12] . Management of vascular risk factors [13] , lifestyle interventions [14] , and stroke prevention [15] could help prevent dementia. However, direct application of vascular prevention strategies that are effective in preventing large artery atherothromboembolic stroke may be ineffective or hazardous if given long term to patients with SVD or AD. Thus, blood pressure reduction and dual antiplatelet drugs failed to prevent cognitive decline or recurrent stroke [16] , dual versus single *Corresponding author. Tel.: ---; Fax: ---.
antiplatelet drugs were hazardous after lacunar stroke [17] , and antiplatelet drugs increased risk of cerebral hemorrhage in AD [18] , reflecting our incomplete understanding of mechanisms underlying SVD and AD [19, 20] , and that a different approach is needed [21] .
A potential contributor to, or initiator of, the microvascular damage common to both SVD and AD is cerebral microvessel endothelial (or blood-brain barrier [BBB]) failure [2, 22, 23] . This could explain the perivascular cell and protein infiltrates, perivascular edema, and secondary axonal and neuronal damage seen pathologically in sporadic SVD [24, 25] . It could also provide a route for entry of b-amyloid and inflammatory cells into the brain in AD [26, 27] . Human studies, mostly using cerebrospinal fluid (CSF)/plasma albumin ratio, show that BBB leakage increases subtly with advancing age and is worse in dementia (including AD) than in age-matched controls [28] . The BBB is also more leaky in white and deep gray matter in diabetes-associated mild cognitive impairment [29] , in white matter and CSF in lacunar than atherothromboembolic stroke [30] , and in white matter in patients with leukoaraiosis [31] , vascular [32] , and Alzheimer's dementias [33, 34] . Recently BBB leakiness was noted to increase in the hippocampus (but not other tissues) with mild cognitive impairment [35] .
These studies of BBB function in vivo in patients to date have been small (all n , 50 except 1 [30] ) sampled small volumes of brain [35] or used permeability models that ignore aging effects on blood volume and vascular surface area [36, 37] that limit the measurement of permeability accurately. Thus, there is no comprehensive, whole-brain, tissue-specific, in vivo assessment of BBB leakiness in human SVD and none with concurrent independent measures of brain interstitial fluid or tissue damage, making it unclear if BBB leakage is real, pathogenic, or an epiphenomenon in SVD. If pathogenic, then we hypothesized that the leak should worsen with worsening SVD burden, be spatially related to major markers of SVD such as WMH, and be accompanied by increased interstitial fluid. BBB leakage should increase with age, in small vessel (i.e., lacunar) versus atherothromboembolic (i.e., cortical or large artery) ischemic stroke [30] and in hypertension (a major SVD risk factor [38] ), and predicts worsening of SVDassociated clinical or imaging features.
We prospectively studied a large cohort of patients with lacunar stroke (a model for vascular effects on neurodegeneration that identifies patients at high risk of cognitive impairment [3] ) and cortical ischemic stroke (a control group with similar vascular risk factors [39] and medications), with a range of WMH, followed up at 1 year. We examined the magnitude and spatial distribution of BBB leak and tissue integrity in relation to WMH as a major marker of SVD, using three-dimensional (3D), whole-brain, dynamic contrast-enhanced (DCE) magnetic resonance imaging (MRI), diffusion-tensor imaging, T1 mapping, and spatially detailed, tissue-specific analysis.
Methods

Recruitment and eligibility
We recruited patients prospectively who presented with a lacunar or mild cortical ischemic stroke classified clinically using the risk-factor-free Oxfordshire Community Stroke Project classification [40] . We included patients aged 18 years, able to consent, within 4 weeks of mild ischemic stroke (i.e., National Institutes of Stroke Scale score [NIHSS] 5, unlikely to cause physical dependency), with an MR diffusion-weighted imaging (DWI) infarct compatible with the index stroke symptoms ( Fig. 1 ), or no other cause of symptoms, and no life-threatening illness to preclude 1 year followup. We excluded patients who were unable to tolerate MRI or gadolinium-containing intravenous contrast agent. Fig. 1 . Magnetic resonance brain imaging sequences and processed images. Left, diffusion-weighted image shows recent small deep infarct in the left centrum semiovale (white area) as the index infarct. Top row, left to right, fluid-attenuated inversion recovery and T2-, T2*-, and T1-weighted axial brain images at the same level as in the large diffusion-weighted image on the left. Bottom row, left to right, colors indicated masking obtained by semiautomated image processing to identify cerebrospinal fluid (yellow), normal-appearing white matter (green), deep gray matter (pink), and white matter hyperintensities (purple); note the index infarct was masked by hand. 
Clinical assessments and outcomes
A specialist stroke Q3 physician recorded the medical history and examination including stroke severity (NIHSS, for details, see Supplementary Material). A panel of stroke experts assigned the stroke subtype (lacunar or cortical) using the clinical syndrome [40] and acute infarct appearance on DWI MRI. In case of discrepancies, the imaging subtype was used.
We introduced cognitive Q4 testing after the study had started and assessed current cognition in as many patients as possible thereafter (Addenbrooke Cognitive Assessment-Revised [ACE-R]), premorbid intelligence (National Adult Reading Test [NART]), and depression (Beck Depression Index) at 1-3 months after stroke concurrent with BBB imaging (below).
At 1 year, we assessed all patients for dependency (Oxford Handicap Scale [41] , similar to the modified Rankin Scale), recurrent vascular events, cognition (ACE-R), and repeated MRI for WMH burden, new infarcts, or hemorrhages. Patients unable to attend were followed up remotely.
Neuroimaging
All MR examinations were performed on one 1.5-T GE Signa HDxt scanner, with tight quality assurance. Diagnostic MR included T1, T2, T2*, and DTI sequences (see "Online Methods" in Supplementary Material [42] ) to assess infarcts and SVD features [43] . We performed DCE MRI [37] for BBB leak at 1-3 months after stroke (to minimize the index stroke effect on BBB) and T1 mapping for brain water content (see Supplementary Material). After two 3D fastspoiled gradient-echo acquisitions (flip angles 2 and 12 ) for precontrast T1 (T 10 ) maps, we injected gadoterate meglumine (Gd-DOTA, DOTAREM; Guerbet, Paris, France) 0.2 mL/kg (i.e., 0.1 mmol/kg body weight) at 2 mL/second intravenously via injection pump and then repeated the 3D T1-weighted sequence sequentially 20 times for 24 minutes [36, 37, 44] , using long acquisition times to detect subtle BBB leak [35, 36] .
Image processing
We analyzed all imaging data blind to clinical and other imaging information using validated, qualitative, and quantitative assessments (see "Online Methods" in Supplementary Material [42] ), as previously [45] . We identified the index infarct and SVD lesions using visual scores (see "Online Methods" in Supplementary Material). On coregistered images, we separated CSF, whole-brain, WMH, and normal-appearing white and gray matter [46, 47] ( Fig. 1 ), differentiating WMH into "more" and "less" intense by degree of abnormality on fluid-attenuated inversion recovery and T2 and T1 sequences. For spatial analysis of BBB leak distribution, we also divided normal-appearing white matter into 10 "contours" each two voxels (z2 mm) wide from the WMH edge outward (piloted in [48] ). We extracted signal intensities from the DCE-MRI pre-post contrast curves per tissue, per voxel, and per time point after intravenous contrast (see "Online Methods" in Supplementary Material) [44] . We used sagittal sinus to correct for intravascular contrast [44] as carotid arteries have significant limitations especially in older subjects [37] . We calculated precontrast T1 (longitudinal relaxation time, T 10 [44] , milliseconds) to control for precontrast tissue characteristics [36, 44] .
Sample size
For 80% power, a two-sided test, the estimated sample size was 170 patients to reach 1 year follow-up. Allowing for about 10% dropout required 200 patients to have BBB imaging (see "Online Methods" in Supplementary Material).
Statistical analysis
Several mathematical models have been proposed to estimate BBB permeability [36, 37] . The Patlak method best suits low permeability states [36, 49, 50] , but all models rely on assumptions regarding capillary surface area that are invalid in low permeability states, for example, that capillary density and blood volume are constant, whereas both vary between tissues and decrease with age and in disease [37] . In the individual tissues and subjects, the actual capillary density is unknown, and it would introduce further potential confounds to use constant values. We explored permeability modeling methods extensively, including in simulations [44, 37] , tried to obtain estimates of capillary density to provide realistic factors, but none of these were adequate for use in a wide age range and disease range population such as here. We found strong effects of age on BBB, T1, mean diffusivity (MD), and fractional anisotropy (FA) in separate analyses [47, 48] . Therefore, in our prespecified analysis (see "Protocol Online" in Supplementary Material), we did not calculate permeability but used linear mixed modeling of the signal enhancement slopes (Fig. 2) to identify tissue-and patient-specific differences in BBB leakage. All BBB analyses were adjusted for age, WMH burden, vascular risk factors, intravascular contrast, baseline tissue T1, and time after contrast injection (full statistical details, see "Online Methods" in Supplementary Material). Analysis of ACE-R also tested for interactions between lacunar and cortical subtypes. We used SAS 9.3 (www.sas.com) for all analyses and R 2.13.1 for graphs.
Results
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The 92 of 201 (46%) patients with lacunar stroke did not differ significantly from the 109 (54%) with cortical stroke in age (mean: 64, IQR 56-72; 68, IQR 60-76, respectively, P 5 .097) proportion of men, with hypertension, diabetes, or hyperlipidemia ( Supplementary Table 2 ). Lacunar strokes were more severe than cortical strokes (NIHSS medians: 1, IQR 0-2; vs 1, IQR 0-1, respectively, P 5 .002), with no difference in time to initial assessment (medians: 3, 1-6; vs 3, 1-8 days, respectively, P 5 .71). Cortical patients had more embolic sources than lacunar (25.7% vs 12%, P 5 .014). Cognitive testing was available for 147 (73%) at 1-3 months (median ACE-R, 90, IQR 83-95) and in 139 (69%) at 1 year (median ACE-R 92, IQR 85-95).
Compared with normal-appearing white matter, BBB leakage was higher in WMH (P 5 .025), CSF (P , .0001), index (P ,.0001), and old infarcts (P ,.0001) and was lower in deep gray matter (P , .0001, Supplementary Table 3 , Fig. 2) . BBB leakage increased with (Table 1 ) age in all tissues, significantly in deep gray, CSF, and WMH, for example, in deep gray matter by 0.025 ! 10 3 (95% confidence interval [CI] 0.0023 ! 10 3 , 0.049 ! 10 3 , P 5 .030), per 5-year age increment; WMH burden, significantly in all tissues except index or old infarcts, for example, in normal-appearing white matter by 0.024 ! 10 3 , (95% CI 0.002 ! 10 3 , 0.047 ! 10 3 , P 5.033), per point increase in WMH score; and in index and old infarcts of cortical versus lacunar subtype. BBB leakage was significantly higher in lacunar than cortical subtype in CSF but in cortical than lacunar stroke in normal-appearing white matter and deep gray matter. BBB leakage also increased with ( Right-hand y-axis: SS, sagittal sinus, which represents the blood pool and provides an arterial input function for statistical modeling purposes. The graph demonstrates that signal in the blood pool declines after the first pass of bolus but increases progressively in all brain tissues meaning that intravascular contrast does not account for the tissue signal changes. Abbreviations: BBB, blood-brain barrier; CI, confidence interval; CSF, cerebrospinal fluid; WMH, white matter hyperintensities. NOTE. Values are BBB leakage (change in postcontrast signal per minute) per 5-year increase in age, per point increase in Fazekas score, or lacunar versus cortical stroke. The interaction coefficients for age, Fazekas score, and subtype are derived from three separate models (the data were already adjusted for key predictors listed previously and simultaneous fitting of multiple interaction terms was not supported). Age, Fazekas score, and stroke subtype are each adjusted for each other and sagittal sinus signal, brain tissue signal precontrast (T 10 ), mean arterial blood pressure, diagnosis of hypertension, pulse pressure, and smoker status. In stroke subtype, a negative effect estimate indicates that values are lower in patients with lacunar than with cortical stroke. A higher Fazekas score indicates more WMH. 378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435  436  437  438  439  440  441  442  443  444 tissues, pulse pressure in some tissues, and with baseline tissue T1 (i.e., water content) in all tissues.
Analysis of spatial distribution of BBB leakage in normal-appearing white matter ( Fig. 3 ) showed that BBB leakage increased linearly at 0.0099 ! 10 3 (95% CI 0.0114 ! 10 3 , 0.0084 ! 10 3 , P , .0001) per contour closer to the WMH edge, adjusted for age, Fazekas score, blood pressure, stroke subtype, and smoking. The leak was worst in the WMH where it was worst in the most abnormal areas ("intense" versus "less intense" WMH). Additionally, MD increased from the 4 mm contour and T1 from the 2 mm contour proximate to the WMH edge; both were yet higher in less intense and highest in intense WMH (Fig. 3) , consistent with an increase in interstitial water mobility and then in measureable interstitial water close to the WMH, with the most abnormal values in the WMH. Axonal integrity (FA) decreased with increasing proximity to WMH, being lowest in the most intense WMH, consistent with most axonal disruption being in the most abnormal-looking tissue.
On further assessing the contours by Fazekas WMH score corrected for age ( Fig. 4) , patients with most WMH (Fazekas score 5-6) had the highest BBB leakage, water content (MD, T1), and lowest axonal integrity (FA) in normal-appearing white matter and WMH (for details, see Supplementary Fig. 2) . At 1-3 months after stroke, ACE-R was associated negatively with age and positively with premorbid intelligence (NART), but not with WMH score or concurrent BBB leakage in any tissues, with no difference between lacunar and cortical stroke patients ( Supplementary Table 4 ). At 1 year, BBB leakage in WMH predicted lower ACE-R in lacunar (b 23.52, 95% CI 25.9, 21.13) but not cortical (b 0.03, 95% CI 25.77, 5.12) stroke patients; high WMH score and NART, but not age, predicted ACE-R in both stroke subtypes (Supplementary Table 5 ). Incorporating ACE-R at 1-3 months after stroke into the 1-year ACE-R prediction model (to assess change in ACE-R and BBB leak) showed that BBB leakage in WMH predicted a decline in ACE-R at 1 year in both lacunar and cortical stroke patients (b 21.89, 95% CI Table 2 Association between BBB leakage, vascular risk factors, and brain parameters: hypertension, mean arterial pressure, smoker status, brain tissue T1 signal precontrast, and intravascular signal (sagittal sinus), adjusted for one another, age, and combined Fazekas score Abbreviations: BBB, blood-brain barrier; CI, confidence interval; CSF, cerebrospinal fluid; WMH, white matter hyperintensities. 512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578 23.62, 20.16). ACE-R and NART at 1-3 months also predicted decline in ACE-R at 1 year (Supplementary Table 6 ) but not WMH score, hypertension, or age. At 1 year, 21 patients had a clinically evident recurrent stroke, 19 had a new infarct on MRI (21 of 201 could not have repeat scanning, Supplementary Fig. 1 ), and 34 patients were dependent or dead (17%). WMH burden was the strongest predictor of recurrent stroke or dependency, overwhelming BBB associations except for BBB leakage in CSF that showed a weak association with dependency (Supplementary Table 7 ). Vascular risk factors did not predict outcome.
Discussion
We show, in this large stratified patient cohort, that subtle increases in BBB leakage appear to be widespread in normal-appearing white matter and more pronounced in WMH, increasing with the visible severity of tissue damage. The BBB leak is accompanied by increased interstitial water mobility and water content close to and in the WMH, providing support for the BBB leak findings. BBB leakage in normal-appearing white matter and in WMH was worst in patients with severe WMH, with hypertension and increased pulse pressure. BBB leakage in WMH predicted cognitive impairment at 1 year in lacunar stroke and cognitive decline between 1 and 3 months and 1 year after stroke in both lacunar and cortical stroke patients. Taken together, these observations suggest that BBB leakage precedes increases in interstitial fluid and axonal damage, all which worsen as WMH worsen; BBB leak in WMH also predicts cognitive decline at 1 year, particularly in lacunar stroke patients who are already known to be at high risk of cognitive decline after stroke [3] . We show that WMH associate with BBB leakage regardless of the underlying stroke subtype, findings that are generalizable to older subjects with WMH. Thus, BBB leakage appears to be important in pathogenesis of SVD-associated brain damage in large clinical populations. The association between BBB leak, hypertension, and pulse pressure provides a mechanism whereby hypertension may worsen WMH [38] and thus may contribute to declining cognition. Pathogenesis involving BBB leak may also explain the apparent lack of benefit for antithrombotic drugs and increased hemorrhage risk in SVD [17, 51] and AD [18] .
We provide conclusive in vivo evidence that normalappearing white matter, in the presence of WMH, is not normal, at any adult age, but increasingly abnormal with increasing WMH burden [47, 48] and by proximity to WMH [52, 53] . In comparison with recent work [52] , our study provides more extensive spatial sampling of brain white matter and multiple independent imaging parameters. We show, in this much larger sample, that subtle BBB failure can be detected with DCE MRI in large clinical studies. In comparison with recent work [35] , our study provides full brain coverage, volumetric analysis of BBB leakage across spatially related tissue while preserving sensitivity to lowgrade BBB leak [37] , a large, highly phenotyped, clinically relevant patient sample, and assumption-free statistical analysis. This approach was based on extensive testing of models including simulated data which made it clear that current models were not suitable for low permeability states across a wide range of age and disease [37] . The differences in BBB leakage in index and old infarcts demonstrate the sensitivity of this method to detect BBB leakage.
Why should increased BBB leakage occur in SVD and is this also relevant to AD? AD and SVD pathologies commonly co-occur, cognition is worse when SVD is present in AD [12] , vascular risk factors accelerate both 700  701  702  703  704  705  706  707  708  709  710  711  712   713  714  715  716  717  718  719  720  721  722  723  724  725  726  727  728  729  730  731  732  733  734  735  736  737  738  739  740  741  742  743  744  745  746  747  748  749  750  751  752  753  754  755  756  757  758  759  760  761  762  763  764  765  766  767  768  769  770  771  772  773  774  775  776  777  778  779 disorders, both are associated with elevated systemic inflammatory markers, and microglial activation is common in both diseases pathologically. The BBB has a huge surface area, handles a fifth of the cardiac output at rest, and maintains the correct brain interstitial milieu within tight limits for normal brain function, a major physiological challenge [2] . A slight decline in barrier function could result in vascular wall and perivascular parenchymal damage from fluid shifts [54] or allow neurotoxins such as serum amyloid P, an important precursor to amyloid deposition [27] , into the brain. The findings are consistent with BBB failure being an early pathogenic step in SVD, with axonal loss occurring secondarily [54, 20] . BBB integrity declines with normal aging and is worse in AD according to biochemical [28] and pathological [33] analyses. BBB failure may occur through multiple factors, for example, hypertension, diabetes, inflammation [24] , smoking, and increased sodium intake [50] , all damage the vascular endothelium. Cerebral blood flow Q5 is reduced in both SVD and AD: hypoperfusion triggers BBB failure in experimental models, fibrinogen leakage across the BBB associated with astrocyte morphological changes, reversal of aquaporin 4 distribution on end feet implying glyovascular malfunction, and irreversible damage in WMH seen at postmortem in patients with cognitive impairment after stroke in life [55] . WMH heritability [56] and genetics [57] suggest that some individuals may be more susceptible to damage in the neurovascular unit, including the BBB [58] , perhaps accounting for variation in SVD-related brain damage and clinical expression between individuals with apparently similar risk factor exposures.
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RESEARCH IN CONTEXT
1. Systematic review: We reviewed the literature on blood-brain barrier (BBB) leakage detected with magnetic resonance imaging in humans during aging, in small vessel disease (SVD) or dementia, from multiple electronic bibliographic databases and identified six studies (n 5 203).
Interpretation:
Our study doubles the available data on BBB leakage and provides independent evidence on the hypothesis that BBB leakage is pathogenic in SVD-related brain damage including tissue fluid measures, spatial distribution, two SVD markers, age, disease burden, risk factor (hypertension), and cognition associations.
3. Future directions: Our results provide a testable hypothesis, a route for amyloid entry to the brain, and should encourage new thinking about SVD and/or aging-related brain damage and cognitive decline beyond ischemia or amyloid deposition. Future research should focus on the many lifestyle and risk factor-modifying interventions that could protect the cerebrovascular endothelium and developing new specific drugs to preserve or enhance BBB function. 
